The rate of adsorption of Caulobacter bacteriophage 4CbK to Caulobacter crescentus is dependent on the structural integrity of the flagellum. Cells lacking part or all of the flagellum because of either mutation or mechanical shear were defective in adsorption, and the extent of the defect in adsorption reflected the amount of flagellar structure missing. Maximal adsorption rates were also dependent on cellular motility and energy metabolism, since adsorption to cells with paralyzed flagella was slower than adsorption to motile cells and inhibition of cellular energy metabolism with azide also reduced adsorption rates, even for nonmotile cells.
Bacteriophage 4CbK is a large, double-stranded DNA bacteriophage (1) typical of the most common class of caulophage isolated (18) . It is characteristic of these phages that adsorption is stage specific, with efficient adsorption occurring only during the motile stages of the cell cycle (swarmer cells and predivisional cells) and not during nonmotile stages (2, 12) . From the earliest quantitative measurements of phage adsorption, it had been understood that phage adsorb more rapidly to motile cells than to nonmotile cells (4) . This raises the question of whether the periodic expression of 4)CbK receptor activity displayed during the Caulobacter crescentus cell cycle reflects a true cell cycle dependence of phage receptor activity (PRA) or whether it merely reflects the periodic expression of motility. The roles of the flagellum and of motility in PRA are further confused by the conflicting claims about the need for the flagellum in the adsorption of 4CbK-like phage (7, 10) . To understand the role of the active flagellum in adsorption of phage, the rate of adsorption of phage 4CbK was measured under three different conditions of reduced motility: (i) adsorption to mutants lacking various components of the flagellar apparatus or defective in flagellar operation, (ii) adsorption to cells treated with sodium azide to interfere with energy metabolism, and (iii) adsorption to cells whose flagella had been broken off by mechanical shear. The results of these experiments argue strongly that the presence and the functional activity of the flagellum do play a role in determining the rate of adsorption of phage 4CbK to C. crescentus. Nevertheless, even in the absence of a flagellum, the remaining PRA is expressed periodically during the cell cycle.
MATERIALS AND METHODS
Growth and synchronization of bacteria. C. crescentus strains used in this study (Table 1) were derived from strain CB15 (17) and were grown in peptone-yeast extract broth (17) supplemented with 0.5 M CaCl2 (9) or in M2-minimal glucose medium (9) . Synchronous cultures of strains CM6000 and CM6005 were obtained by a modification (16) (17) . A 1-liter culture of cells grown in minimal glucose medium to a density of about 5 x 108 cells per ml was chilled and concentrated to 10 to 20 ml by cold centrifugation and suspension with cold medium. These concentrated cells were sedimented in the cold in an SS34 rotor in a Sorvall RC2B centrifuge at 6,000 rpm for 6 min. The supernatant fluid and the soft layer of loosely packed cells were decanted, and the surface of the tight pellet of densely packed cells was rinsed with cold medium. The densely packed cells were suspended with 10 ml of cold medium, and the centrifugation procedure was repeated until the population contained fewer than 2% stalked cells as seen in wet mounts viewed with phasecontrast microscopy (usually a total of three 6,000-rpm steps). These cells were held on ice for 5 to 45 min, and synchronous growth was initiated by dilution into warm medium to a final density of 30 Klett units (about 3 x 108 cells per ml).
Propagation of bacteriophage. Bacteriophage XCbK (1) was propagated by liquid lysate. A 10-ml portion of peptoneyeast extract broth supplemented with CaCl2 was inoculated with 0. Methods. At 5 min after phage addition, motility was observed in wet mounts by using phase-contrast microscopy. At azide concentrations of less than 4 mM, the cells were motile; at azide concentrations of greater than 4 adjusted to about 6 x 108/ml and the phage concentration was 1 x 106 to 3 x 106/ml. PRA was defined as the fraction of phage adsorbed in a 15-min incubation. The adsorption rate constant (k) (see Tables 2 and 3 ) was calculated from this fraction.
RESULTS
The ability of C. crescentus to adsorb phage 4CbK (PRA) has long been known to show a distinct periodicity during the cell cycle (2, 12) . Figure 2 illustrates this periodicity and demonstrates (i) that the timing of PRA loss and gain is highly reproducible, (ii) that the loss and gain of PRA occur at about the same times as the loss and gain of flagella (19) , (iii) that the reappearance of PRA is considerably more synchronous an event than is cell separation, and (iv) that the method of synchrony used here results in essentially the same periodic expression of PRA as seen previously (12), with the exception that the cells collected by this synchronization procedure are about 20 min older at reinitiation than are newborn cells collected by alternative procedures (16) .
Characteristics of nonmotile mutants. The study of the role of the flagellum in 4CbK adsorption was greatly simplified by the availability of the large collection of nonmotile mutants isolated by Johnson and Ely (10) . In particular, we have studied the effects of mutations in theflaA, flaZ, flaE, flaO, flaK, and motC genes. The characteristics of the particular alleles were essentially the same as described earlier (10) and are shown in Table 2 . The presence of the flagellar filament and the tuft of polar pili was determined by electron microscopy, as was the morphology of the stalk and showed only short, stubby filaments less than one full twist long. The remaining strains were devoid of observable flagellar filaments.
The nonmotile mutants were also tested for their ability to be productively infected by (CbK and a variety of other phages. As shown in Table 2 , all the mutants were sensitive to 4CbK, but some of those lacking a flagellar filament showed a slightly reduced efficiency of plating (EOP) and produced a turbid lysis zone rather than the clear zone produced on the wild type, as reported in the initial characterization (10). A similar but more pronounced effect on the EOP of phage XCb5 was also seen. Strain SC175, which has a short flagellar filament, showed a reduced EOP, as did SC290, which has no filament. Consistent with this reduced EOP, the lysis zone produced by phage 4Cb5 on these strains was considerably more turbid than that on the wild type. Strain SC229 (flaA104) is resistant to phage XCb5, but 4Cb5 still adsorbed to the pili of SC229, since 4)Cb5-decorated pili were readily observed by electron microscopy ( Table 2) .
Two other phages, 4Cr30 and 4)Cr40, plated on mutants with the same EOP and lysis morphology as they did on the wild type.
Phage adsorption to nonmotile mutants. It has long been known that motility plays a role in determining the rate of adsorption of phage to bacteria (4). We therefore measured the rate of 4OCbK adsorption to broth-grown, nonmotile mutants with a variety of defects in flagellar structure or function (10) . The adsorption rate constant (k) for phage 4CbK declined progressively as the flagellar defects became more severe (Table 3) . Strain SC303, which produced a full-length but paralyzed flagellar filament, showed a slightly reduced value of k, and sequentially lower values for k were seen in strains SC175 (which produces a short, stubby filament), SC229 (which produces the hook structure but no filament), and SC290 (which produces no visible flagellar structure). The difference between the paralyzed mutant and the wild type indicated that flagellar motion plays a role in determining the adsorption rate constant, but the decreased adsorption rates seen with the remaining mutants suggested that the amount of flagellar structure present is also a factor determining the rate of adsorption of 4XCbK to cells.
To help separate the roles of motion and structure in determining k, we inhibited motility in each of the strains by treatment with sodium azide. We assumed that sodium azide acted as a respiratory poison here but have not tested this directly, nor have we eliminated the possibility of indirect effects of treatment with this compound. Azide treatment reduced the adsorption rate even in strain SC303, whose flagellum is already paralyzed, and in strains SC229 and SC290, which are nonmotile because of their lack of flagella. Thus some function (perhaps energy metabolism) inhibitable by azide also contributes to the adsorption rate k. The azide-treated strains showed the same hierarchic loss of adsorption rates with progressive loss of structure as was seen in the azide-free cultures. In the presence of azide, the (13) , the cells were found to be devoid of full-length flagella, and many cells showed only a stub of flagellum. PRA was greatly reduced in such cultures as compared with that in unwashed controls (Fig. 3) . The PRA of the unwashed culture increased in parallel with the increase in cell number; the PRA of the deflagellated culture rose to the expected level during approximately one-third of a generation and then paralleled cell number (Fig. 3) .
Flagellar activity and the periodic expression of PRA. Taken together, the preceding observations suggest that at least a portion of the periodic variation in 4CbK adsorption rate during the cell cycle might be a reflection of the periodic loss and reappearance of the flagellum during the cell cycle. Nevertheless, cells totally devoid of flagella retained PRA, albeit at a reduced level (Table 3) . Therefore, we determined whether this residual PRA displays an intrinsic periodicity in the cell cycle, even in the absence of flagella. Strain PC7016 (a flagellumless derivative of strain CM6000) was synchronized, and the 4.CbK adsorption rate was measured through the cell cycle. The flaKJSS mutation in strain PC7016 is an insertion mutation in the hook protein structural gene (15); therefore, no hook structure exists onto which a flagellum can assemble, and the strain is guaranteed to be flagellumless. The PRA of strain PC7016 was indeed expressed periodically (Fig. 4) . Although the absolute value of the PRA of asynchronous, broth-grown cultures of PC7016 was lower than that of the wild type (Table 3) , the PRA of synchronized PC7016 cells from minimal medium resembled the PRA of CM6000 in that it was lost from newborn swarmer cells during swarmer cell differentiation, did not completely disappear from cultures which were composed of more than 95% stalked cells, and rose to a high value again before cell division (Fig. 4) . In a similar experiment, the PRA of synchronized cells of strain CM6005 was measured at t = 0, 60, and 145 min and found to be 0.17, 0, and 0.15 respectively, again showing a clear periodicity despite the low PRA of this flaO mutant.
DISCUSSION
The data presented here identify four factors that govern the rate of 4~CbK adsorption to C. crescentus: (i) the amount of flagellar structure present, (ii) the motility imparted by flagellar rotation, (iii) the state of energy metabolism in the cell, and (iv) the intrinsic periodicity of PRA during the C. crescentus cell cycle. The relative contributions of the first three factors can be isolated and compared by using the data in Table 3 . When azide-treated populations are compared, both motility and the energy component are eliminated, and since asynchronous populations were used, the effect of periodicity was eliminated as well. Comparing strains CM5000 and SC303 (full-length flagella) with strain SC229 (no flagellum) in the presence of azide, we saw that the loss of the flagellum led to about a threefold reduction in the PRA, suggesting that flagellar presence is a factor in the apparent periodicity of (6) . While it is clear that a large fraction of phage-resistant mutants are nonmotile (11, 19) , the converse is not true; among a collection of 69 nonmotile mutants isolated by Johnson and Ely (10), only 1 pleiotropic mutant (lacking other polar structures) was found. The mutants studied here are not in the pleiotropic class, since they are all sensitive to (CbK, most assemble some portion of the flagellum, they all assemble pili (the apparent receptor site for 4)Cb5 adsorption), and they all (except for the flaO strains) have normal cell division morphology. Thus, the effect of flagellar loss on PRA must be a direct reflection of the role of the flagellum in assisting XCbK adsorption, at least in broth-grown cells.
One explanation for the results described here is that the flagellum may act as a guide for the virion, perhaps by a weak affinity between the flagellum and some virion structure. Such a guide would serve to increase the local concentration of phage near the actual receptor (as yet unidentified) and thus the apparent adsorption rate. The role of motility in PRA has been discussed previously (4) , and the effect of sodium azide may be to slow the conversion from reversible to irreversible adsorption complexes.
Huguenel and Newton (8) have analyzed the cell cycle dependence of phage LC72 receptor activity, and their results are generally similar to those presented here for phage 4CbK. Since both 4CbK and LC72 appear to share the same ultimate receptor (8) , it is surprising that the LC72 receptor activity reappears on synchronous cells just before cell division, whereas 4CbK receptor activity reappeared about one-third of a cell cycle before division (Fig. 2) . This difference has been observed in side-by-side comparisons with wild-type cells (A. Newton, personal communication).
The LC72 PRA appears at about the same time that the flagellum became active (14) , while the oCbK PRA appeared at about the time flagella appeared. Since 4iCbK PRA showed only a weak dependence on energy (flagellumless cells show only slightly reduced PRA in the presence of azide), it is tempting to speculate that the rise in 4CbK PRA may reflect the assembly of a structure (either the flagellum or the ultimate receptor), whereas the rise in LC72 PRA may reflect activation of the swarmer pole. Whatever the explanation, the PRA for these two phages provides a sensitive probe for events in swarmer pole assembly.
Further support for the observation that the flagellum is not necessary for PRA comes from the fact that PRA as measured here never fell to zero in a synchronous population of cells, even at a time when more than 95% of the cells were in the stalked-cell stage. In fact, even when flagellar reappearance was blocked by the addition of inhibitors such as cerulenin, hydroxyurea, or chloramphenicol, PRA did not fall to zero unless substantial cell death occurred (E. A. O'Neill and R. A. Bender, manuscript in preparation). The location of this residual PRA is unknown.
